The present study introduces a novel triple-phase (liquids, solids and gases) approach, which 24 employed uniformly labelled [U-13 C] polydextrose (PDX) for the selective profiling of 25 metabolites generated from dietary fiber fermentation in an in vitro colon simulator using human 26 fecal inocula. Employing 13 C NMR spectroscopy, [U-13 C] PDX metabolism was observed from 27 colonic digest samples. The major 13 C-labelled metabolites generated were acetate, butyrate, 28 propionate, and valerate. In addition to these short-chain fatty acids (SCFAs), 13 C-labelled 29 lactate, formate, succinate, and ethanol were detected in the colon simulator samples. Metabolite 30 formation and PDX substrate degradation were examined comprehensively over time (24 and 48 31 hours). Correlation analysis between 13 C NMR spectra and gas production confirmed the 32 anaerobic fermentation of PDX to SCFAs. In addition, 16S rRNA gene analysis showed that the 33 level of Erysipelotrichaceae was influenced by PDX supplementation and Erysipelotrichaceae 34 level were statistically correlated with SCFA's formation. Overall, our study demonstrates a 35 novel approach to link substrate fermentation and microbial function directly in a simulated 36 colonic environment.
Introduction of the microbial composition and metabolism is fundamental to evaluate the effects of dietary 48 fibers in the gut. In addition, evaluating the selective microbial products formed from the 49 substrate is key to directly linking gut microbial activity and health benefit of any particular 50 dietary fiber. Stable isotope labelling provides an excellent approach for tracking the conversion 51 of the substrate and identifying resultant metabolic products, thus allowing a rapid and 52 comprehensive profiling of selective microbial activity. 10 An approach using uniformly labelled 53 [U-13 C] substrate also offers a robust method to elucidate the metabolic pathways involved in the 54 microbial metabolism. In fact, previous studies based on stable isotope labelling have shown the 55 usefulness of [U-13 C] approaches. For instance, de Graaf et al. introduced 13 C enrichment as an 56 approach to evaluate the kinetics of 13 C-labelled glucose fermentation in an in vitro colon 57 model. [11] [12] [13] 58 59
To characterize the metabolic process of dietary fiber catabolism, an in vitro colon simulator 60 offers the advantage of enabling dynamic sampling and implying substantially less ethical issues 61 compared to an in vivo study. On that account, an in vitro colon model could be a robust 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 relaxation delay of 5 s. The Free Induction Decay (FID) obtained was multiplied by 1 Hz of 132 exponential line broadening before Fourier transformation. The spectra were referenced to TSP 133 (chemical shift defined at 0 ppm), phased, and baseline corrected in Topspin 3.0 software. 134 Assignments of 13 C NMR signals were carried out according to the Human Metabolome 135 Database. 18 In addition, an HSQC experiment was acquired with a spectral width of 11961 Hz in 136 the 1 H dimension and 33276 Hz in the 13 C dimension, a matrix with a size of 1024×128 complex 137 data points, 2 transients per increment and a relaxation delay of 1.5 s. Besides 1D carbon spectra, 138 13 C positional enrichment were confirmed by 1 H NMR spectroscopy ( 13 C decoupled and 13 C 139 coupled spectra) using a Bruker Avance III 500 MHz spectrometer equipped with a 5 mm triple 140 resonance (TXI) probe at 25°C (experiment details in Supporting information (SI)).
141

Solid-state NMR
142
The pellets obtained from the in vitro colon fecal slurry were analyzed using cross-polarization 143 magic-angle spinning (CP MAS) NMR. Lyophilized pellet samples (mean sample weight: 29.38 144 mg) were powdered and packed in 4-mm diameter zirconium rotors (Bruker Biospin, 145 Rheinstetten, Germany). 13 C CP MAS NMR spectra were acquired on a Bruker Avance III 600 146 MHz spectrometer equipped with a 1 H/ 13 C CP MAS probe with gradient aligned along the magic 147 angle. For acquisition of 13 C CP MAS NMR spectra, a contact time of 0.5 ms, a proton field of 148 approximately 45 kHz during CP and data acquisition, a relaxation delay of 2 s and a spinning 149 speed of 14 kHz were employed. The FID was multiplied by 50 Hz of exponential line 150 broadening before Fourier transformation. The spectra were phased, and baseline corrected using 151 Bruker Topspin 3.0 software. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   8 The HP-LC was operated at a flow rate of 12 uL/min, and the mobile phase consisted of solution 154 A (0.1% HCO 2 H in water) and solution B (0.1% HCO 2 H in ACN). For all analyses, 1 uL of 155 calibrant (sodium formate) and sample were used. The samples were separated by an eclipse plus 156 phenyl C18 column (Agilent Technologies, Waldbronn, Germany), using the following gradient: 157 2% B for 4 min, linear gradient of 2-60% B in 10 min, 60-90% B in 3 min, 90% B for 2 min, 90-158 2% B in 1 min, and 2% B for 10 min. MS was operated in both negative and positive ion mode.
152
LC-MS analysis
159
The mass range was set from 40 to 800 m/z, and data were acquired in profile mode at a 160 frequency of 1 Hz with active focus mode off. The raw data were automatically calibrated using 161 the sodium formate cluster signals and required m/z values were integrated in the data analysis 162 software package Compass HyStar (Bruker Daltonics, Bremen, Germany). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 Metabolite data analysis 175 1 H NMR spectra were imported into Matlab R2014b (The Mathworks, Inc., USA) and the 176 misalignments of the spectra were corrected using the icoshift algorithm based on the 177 correlational shifting of spectral intervals. 19 The spectra were mean centered and pareto-scaled Sequencing reads were joined using fastq-join 22 with a minimum 200 bp overlap and 5% 197 maximum difference, de-multiplexed, and quality filtered using a Phred threshold of >20. 
Results and Discussion
214
This work focused on the study of [U-13 C] labelled PDX as a substrate during microbial 215 digestion and characterization of 13 C-labelled metabolites in different compartments of an in 216 vitro colon simulator. The 13 C-labelled metabolites were characterized by liquid-state and solid-217 state NMR spectroscopy. GC-MS was performed to evaluate the gas generated during [U-13 C] 218 PDX catabolism. In addition, 16S rRNA gene sequencing was performed to study the phylogeny 219 and taxonomy of the gut microbiome from the in vitro gut fermentation. Figure 1B) . The results show that the 226 major 13 C-labelled metabolites included acetate, butyrate, propionate, and valerate. To map these 227 metabolic changes, peak integrals were obtained from 13 C NMR spectra and plotted accordingly 228 (SI, Figure S1 ). Even though an inter-individual variation is apparent, the integrals indicate that 229 the SCFA concentrations gradually increased from the ascending colon (V1) to the descending 230 colon (V3) during the simulation. The overall metabolite concentration decreased in the sigmoid 231 colon part (V4) during 24 hours while it remained stable at 48 hours (SI, Figures S1-S4).
232
Intriguingly, the pattern seen in SCFA formation is supported by the degradation pattern of PDX 233 as the concentration of PDX decreased during simulation from the proximal colon to the sigmoid 234 colon at 48 hours (SI, Figure S3 ), however, an inter-individual difference between the donors 235 exists mainly at 24 hours. Thus, our result reveal how fiber/substrate availability affects the gut 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 fermentation pattern and SCFA concentrations in different segments of the gut over time. The 237 present study corroborates that PDX fiber fermentation results in the synthesis of SCFAs as 238 eminent metabolic end products. 29 Previous reports from animal models, in vitro models, and 239 humans have shown increased fecal levels of butyrate and acetate in subjects after PDX intake. 16, 240 30-31 However, none of these studies measured the microbial metabolites derived directly from 241 PDX catabolism. We report a novel approach to determine the specific metabolites generated 242 from PDX fermentation. Furthermore, this in vitro study enabled us to directly monitor the 243 dynamics of microbial metabolites formed during PDX fermentation in different parts of the 244 colon at different time point (24 hrs and 48 hrs), while the same information would be practically 245 and ethically impossible to obtain in vivo in humans. The result revealed that acetate clearly is 246 the principal SCFA produced, however butyrate is of particular interest as it has been described 247 as a vital metabolite for colon. [32] [33] An increase in SCFA production, specifically butyrate 248 formation in the colon simulator, can be considered as the primary metabolic significance of 249 PDX digestion in relation to gut microbial activity and benefits for host. Interestingly, our data 250 also revealed an increased level of valerate from V1 to V4 due to PDX catabolism (for inoculum 251 from subject). Until now, studies focussing on valerate as product of carbohydrate metabolism 252 have been sparse. [34] [35] [36] Although only observed in one subject, our finding indicates a possible 253 direct association between dietary fiber fermentation, valerate formation, and gut microbial 254 activity. However, to validate this hypothesis, other independent studies are needed.
256
In addition to SCFAs, we identified 13 C labelled lactate, formate, succinate, and ethanol in the 257 fecal 13 C NMR spectra. As the colon simulator genuinely allowed dynamic sampling, we 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 (SI, Figures S1-S4). The results show that succinate, lactate, and formate mainly appeared in 260 vessel V1 and V2 (ascending and transverse colon) during the fermentation, but an inter-261 individual difference between the donors was observed. This inter-individual variation can be 262 ascribed to the differential microbial composition between individuals and the result suggests 263 that these metabolites are metabolised further and thus disappear in V3 and V4 (described 264 below). A previous study has shown that lactate can be fermented to SCFAs (mainly butyrate) by 265 human intestinal bacteria. 37 Previous work also supports the finding that lactate accumulates at 266 low pH (pH 5.2 likewise in V1 colon simulation) but butyrate and propionate production were 267 initiated at pH 5.9 and 6.4, respectively, equivalent to the pH of descending and sigmoid colon 268 (V3 and V4) in the simulation. 38
269
Similarly, formate is involved in acetate formation via the Wood-Liungdhal pathway and 270 succinate is a well-known precursor for the formation of propionate through the succinate 271 pathway ( Figure 2) . 29 Interestingly, studies have also shown that when sufficient carbohydrate is 272 present during bacterial metabolism, succinate is accumulated due to a reduced requirement for 273 succinate decarboxylation. 39 Figure 2 depicts the possible pathways linked to carbohydrate 274 (PDX) catabolism and metabolites formation in the gut during the anaerobic microbial process.
275
Accumulation of lactate, formate, and succinate (V1 and V2) indicates an imbalance between the 276 production and consumption pathway involved in anaerobic gut metabolism. However, the 277 finding also reflects diverse microbiota composition/activity and potential cross feeding between 278 microbes in the gut simulator. The structure of the randomly formed PDX is rather complex and is composed of both linear and 281 branched α and β-1-2, 1-3, 1-4 and 1-6 linkages, dominated by 1-6. [40] [41] The 13 C spectra 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 indicated the presence of partly undigested 13 C-labelled PDX especially in vessels V1 and V2 283 alongside metabolic intermediates, while sharper carbohydrate signals emerge especially in 284 vessels V3 and V4. The degradation pattern of residual PDX suggests that vessels V1 and V2 285 (ascending to transverse colon) had similar metabolic patterns, as did vessels V3 and V4 286 (descending to sigmoid colon), respectively ( Figure 3 ). In particular, the results indicate that 287 vessels V1 and V2 had residual polysaccharide with broadened signals near 111.5 ppm (β-288 glucofuranosyl), 106 ppm (predominantly β-gluco-pyranosyl), 104 ppm (levoglucosan (β-1,6 289 anhydroglucose) and 101 ppm (α-gluco-pyranosyl). Increasingly sharper signals in these regions 290 emerged in vessels V1 to V4 due to polysaccharide degradation to smaller units, which could be 291 ascribed to enzymatic or acid hydrolysis. The glucofuranosyl units are increasingly represented 292 in vessels 3 and 4, possibly due to a lack of efficient enzymes degrading glucofuranosyl linkages.
293
The results show that free glucose also varies in different compartments of the colon simulator. 42-294 43 Our finding is in agreement with a former study where it was reported that glucofuranosyl Solid-state analysis 299 The residual pellets obtained from the microbial slurry were examined using CP MAS NMR 300 spectroscopy. Figure 4A shows representative 13 C CP MAS spectra obtained from the pellet of 301 the anaerobic microbial degradation of PDX during simulation. To our knowledge, this paper 302 presents the first work examining the triple phases in fecal samples (in vitro simulation), in 303 particular CP MAS from the fecal slurry (in vitro samples) has not been reported before. The CP 304 MAS spectra showed characteristic peaks that can be assigned to the carbohydrate, carbonyl, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 CH 2 , CH 3 , anomeric and aromatic resonances. 44 The 13 C MAS NMR spectrum is a sum of [U-306 13 C] PDX, 13 C metabolites, and natural abundance (1%) of 13 C from major undigested 307 components such as cellulose, ligno-cellulose, undigested protein and fat, and bacterial cell 308 debris. Thus, collectively data provide valuable information about the heterogeneity of microbial 309 activity from proximal to distal section of the gut. As shown in the score plot depicted in Figure   310 4B, overall the intensity of signals from carbohydrate and anomeric resonances were decreased 311 from vessel V1 to V4 while carbonyl, CH 2 , CH 3 resonances were higher in V1 to V3 (ascending 312 to descending colon) and did not noticeably change in V4 (sigmoid colon) indicating that 313 substrate availability affects the gut fermentation pattern. This information is unique and adds to 314 the finding obtained from solution-state NMR.
316
Gas-state analysis 317 In general, CO 2 and CH 4 are the products of carbohydrate fermentation during anaerobic 318 microbial metabolism. We detected 12 CO 2 (m/z 44) and 13 CO 2 (m/z 45), while CH 4 was not 319 detected. This finding may be explained by the fact that CH 4 is produced only in 30 % -50 % of 320 healthy adults. 45 As expected, the ratio 13 CO 2 / 12 CO 2 shows a marked difference between the 321 fecal extract with [U-13 C] PDX or a natural abundance PDX reference ( Figure 5 ). In addition, the 322 heat map ( Figure 6 ) depicts positive correlations between 13 CO 2 / 12 CO 2 ratio and intensity of 323 SCFA signals in the liquid-state 13 C NMR spectra. In addition, the 13 CO 2 / 12 CO 2 ratio shows 324 negative correlation to certain regions of the PDX signals in 13 C NMR spectra. GC-MS results 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Microbiome analysis 329 To measure the in vitro colonic microbial composition, α-diversity and β-diversity were 330 compared between the groups. The α-diversity measures the OTU diversity within the samples 331 whereas β-diversity measures dissimilarity between each sample pairing at the OTU level. The 332 results showed that α-diversity was only significantly different between simulations performed 333 with inoculum obtained from the donors I/II and I/III ( Figure 7A , p = 0.006). These groups were 334 compared with a non-parametric t-test using 999 Monte Carlo permutations and the p-value was 335 adjusted using the Benjamini-Hochberg FDR. However, the α-diversity from other 336 simulation/treatment and simulation/time comparisons did not show any significant differences.
337
In contrast, the results depicted that β-diversity was significantly different between simulation 338 times (24 hours and 48 hours) and simulations performed from different donors I, II and III 339 ( Figure 7B ). The principal coordinate analysis (PCoA) for the weighted UniFrac distance matrix 340 showed significant differences between the simulation from three donors (p=0.001) and to a 341 lesser degree simulation time (p=0.01), whereas the treatment effect was insignificant 342 (p=0.1029).
343
An analysis of genera and higher-level taxonomy between different categories showed few 344 bacterial lineages shifted in relative abundances after the PDX supplementation, with increasing 345 levels of Erysipelotrichaceae being most pronounced. The Erysipelotrichaceae family was found 346 to be significantly different in control and treatment for all simulations (Figure 8 ). In addition, 347 the PDX resulted in an increased level of Bifidobacterium and in a decreased level of 348 Lactobacillus, but these changes were not as prominent as Erysipelotrichaceae. Recently,
349
Erysipelotrichaceae has gained substantial attention in gut microbial research due to its potential 350 role in host physiology and/or disease conditions. 46-48 Evidence support an association 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 between Erysipelotrichaceae and metabolic disorders 47 and inflammation-related disorders of the 352 gastrointestinal tract. [48] [49] Erysipelotrichaceae and SCFA production exist (supported by correlation analysis, heat map 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 from LC-MS analysis) suggests an statistical association between bacterial family 375 Erysipelotrichaceae, Faecalibacterium and SCFAs. The correlation was found to be significant 376 with Erysipelotrichaceae (p value < 0.05) for most of the 13 C isotopes from SCFAs. Intriguingly, 377 we did also see that Erysipelotrichaceae were increased in PDX treated samples. In fact our 378 finding, is also in agreement with previous findings relating Erysipelotrichaceae and 379 Faecalibacterium family to SCFA producers. [53] [54] In addition, Blautia was positively correlated 380 to butyrate. The statistical correlation indicates that both of these bacterial family may be 381 actively involved in the PDX fermentation and butyrate formation in the colon simulator. In fact, 382 previous studies have reported Blautia and Clostridiales to be a common bacterial genus in the 383 human gut belonging to a butyrate-producing bacterial species. [60] [61] However, we saw negative Bacteroidetes. The phylum Bacteroidetes has been reported to be major propionate produce, 390 even though it could also produce acetate and butyrate. 62-63 Furthermore, we saw negative 391 correlation between Bifidobacterium and 13 C labelled butyrate (Figure 9 ). Bifidobacterium are 392 well known carbohydrate degraders but they are antioxidants, polyphenols, and conjugated 393 linoleic acids producers. [64] [65] The negative association seen here may be indication of cross 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 with fermented gut microbial products. Here, we provide a novel methodological approach to 398 study gut microbial function using stable isotope tracking. This approach could enable in-depth 399 functional microbial analyses by directly linking substrate fermentation and microbial function in 400 the gut system.
401
Conclusion
402
Overall, the present study showed that the application of a triple-phase study (solid, liquid, and 403 gas) combined with 13 C labelling monitors the overall and specific metabolites derived directly 404 from in vitro colonic PDX catabolism. The correlation between 13 C NMR spectra and 13 C CO 2 405 production substantiates the anaerobic fermentation of PDX to SCFAs. Furthermore, the 16S 406 rRNA gene analysis depicted that Erysipelotrichaceae, a butyrate-producing bacterial lineage 407 changed in relative abundance after the PDX supplementation in the in vitro colon simulator.
408
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